In organisms ranging from bacteria to humans, DNA damage induces transcription of genes that promote survival and limit mutations following genotoxic stress (22) . In Escherichia coli, the SOS response to DNA damage induces the coordinated expression of multiple DNA repair systems, including an error-prone polymerase that leads to increased mutation rates (63) . In yeast, the DNA damage checkpoint pathway activates both a general stress response as well as a DNA damagespecific response that upregulates genes involved in homologous recombination and subunits of ribonucleotide reductase (23) . In mammalian cells, the p53 transcription factor regulates DNA damage-induced transcription (4, 19, 20, 68) . p53 target genes include p21, which regulates cell cycle progression, RNR2, GADD45, which may enhance DNA repair, and Mdm2, which acts in a negative feedback pathway to downregulate p53 activity. At least 10 p53 target genes encode potential proapoptotic proteins, including regulators of the intrinsic apoptotic pathway, such as APAF1 and several BH3-containing proteins, as well as tumor necrosis factor receptor family members that regulate the extrinsic apoptotic pathway. Knock out of the mouse BAX or Bid genes decreases damageinduced apoptosis in some cell types (41, 55) . Why so many proapoptotic genes are regulated by p53 and the relative contributions of these genes to damage-induced apoptosis are unclear.
Although p53 is not conserved in yeast, five mammalian proteins related to yeast DNA damage-responsive kinases may directly or indirectly regulate p53 activity. The ATM, ATR, and DNA-PKcs kinases are members of the phosphatidylinositol 3-kinase superfamily and have sequence similarity to budding and fission yeast checkpoint kinases (2, 32, 53) . ATM mutant mice and cells are defective in p53 activation following ionizing radiation (IR) (5, 36, 76) . Analysis of dominant-negative forms of ATR has led to conflicting reports of ATRdependent activation of p53 (45, 65) . Two downstream checkpoint kinases, Chk1 and Chk2, can phosphorylate p53 in vitro. Analysis of Chk2 mutant mice and dominant-negative constructs supports a central role for this kinase in p53 activation following DNA damage (13, 29, 30, 50) .
These DNA damage-responsive kinases regulate p53 activity through multiple mechanisms (67, 69) . In unstressed cells, the MDM2 protein mediates p53 ubiquitination and degradation. Following damage, phosphorylation of p53 and MDM2 blocks MDM2-mediated turnover of p53, leading to a rapid accumulation of nuclear p53. Overexpression of p53 can induce target gene expression, indicating that p53 accumulation is sufficient for at least some p53 functions. Direct phosphorylation and acetylation may also contribute to p53 activation. In vivo, p53 activation is generally accompanied by both modification and accumulation. The relative contributions of these activation mechanisms are likely to reflect factors including cell type and environmental signals.
Model organisms provide an opportunity to examine the most highly conserved aspects of a signaling pathway in the context of normal development. Drosophila melanogaster and Caenorhabditis elegans have a single p53 homolog required for DNA damage-induced apoptosis (11, 18, 48, 56) . The proapoptotic gene reaper is a transcriptional target of Drosophila p53 and is part of a gene complex required for damage-induced apoptosis (11, 51, 61, 71, 72) . Some damage-induced apoptosis can be induced in the absence of reaper, suggesting that Drosophila p53 activates additional proapoptotic genes. Regulation of other DNA damage responses by Drosophila p53 has not been described.
The mechanism of damage-induced activation of p53 is also unclear. The Drosophila genome contains homologs of the conserved checkpoint kinases, but it does not reveal an obvious MDM2 homolog (57) ; this observation indicates that either the homolog of MDM2 has too little sequence similarity to be identified by simple sequence searches or that Drosophila does not utilize protein turnover to regulate p53 activity.
In this study, we have characterized the regulation and function of Drosophila p53 following DNA damage. A null mutation of p53 (52) blocks damage-induced apoptosis but is not required for viability, fertility, or damage-induced cell cycle arrest. After IR, p53 protein exhibits a phosphatase-sensitive change in gel mobility, but p53 levels do not change. MNK, the Drosophila homolog of the Chk2 kinase (47, 75) , is required for IR-induced modification of p53. These results suggest that posttranslational modification is sufficient to activate Drosophila p53. To identify cellular pathways regulated by p53, we have performed a genome-wide analysis of irradiation-induced gene expression in wild-type and mutant Drosophila embryos. IRinduced genes include regulators of apoptosis, cell-cell signaling, and DNA repair, but not cell cycle progression. Both mnk/Chk2 and p53 are required for all IR-induced increases in gene expression. Two targets of p53, Ku70 and Ku80, are involved in nonhomologous end joining, suggesting that errorprone DNA break repair may be an important feature of p53 signaling. Another target of p53, the Drosophila tumor necrosis factor (TNF) homolog Eiger (31, 43) , can induce apoptosis when overexpressed but is not required for IR-induced apoptosis. We also demonstrate that three known regulators of apoptosis, rpr, skl (14, 62, 73) , and hid (26) , are targets of p53. We find that animals heterozygous for deficiencies spanning all three genes exhibit impaired IR induction of apoptosis and that hid in particular is haploinsufficient for this DNA damage response. Combined with previous observations that hid function is regulated by Ras activity (6, 7, 37) and micro-RNA expression (10), our results suggest that hid plays a central role in integrating signals from diverse signaling pathways to determine the apoptotic response to p53 activation.
MATERIALS AND METHODS

Genetics and transgenes.
All experiments were performed at 25°C unless otherwise indicated. The following alleles were used for analysis of damageinduced apoptosis and cell cycle arrest: mei-41 29D (38) , mei-41 RT2 (27) , mus304 D1 , mus304 D2 (12) , and grps fs1 (60) . Stocks were obtained from Hermann Steller, Kristin White, Scott Hawley, and the Bloomington Drosophila Stock Center.
The mnk p6 allele was generated by transposase-mediated mobilization of a P[lacW] P-element insertion in the barren gene (8) followed by PCR to identify lines with insertions in the mnk coding region and not in barren. This line complemented the lethality associated with the original barren insertion. The insertion was in nucleotide position 465 of the long form of the mnk coding region, which corresponds to the second intron of the short form of mnk (47) . A deletion associated with this insertion removed 218 nucleotides of mnk genomic sequence and 823 nucleotides of the 3Ј end of the P[lacW] DNA. The sequence junction of this deletion was as follows: mnk genomic, GTGCTGGAGT /TCT TGAAGTG, P[lacW] DNA. A rescue construct for mnk was generated by PCR amplification. The oligonucleotide sequences used were as follows: 523 bases 5Ј to the start of transcription, GGCCTCTAGAAACGACGCCGCAATTTAG GGC; 72 bases 3Ј to the end of transcription, GGCCGCGGCCGCTGAGCAA TTTGCCCGCCTCCG. The underlined sequences correspond to XbaI and NotI sites that were used to clone the genomic fragment into the pCaSpeR-2 transformation vector.
The p53 1 mutation was generated by homologous recombination (52) . The p53 cDNA transgene (GUS-p53) has been described previously (11) . This construct moderately overexpresses p53 in the developing eye at a level insufficient to generate a rough eye phenotype. Much higher levels of expression are generated by coexpression of GMR-Gal4, resulting in the rough eye phenotype seen below in Fig. 4 . Rescue of p53-dependent apoptosis in the developing eye was accomplished using GUS-p53 in the absence of GMR-Gal4.
The Eiger e1 and Eiger e2 mutations were generated by transposase-mediated mobilization of the KG02299 P-element insertion immediately upstream of the Eiger transcript. CyO-⌬2-3 was used as a source of transposase. PCR was used to screen chromosomes that had lost the white marker on the KG02299 element.
Overexpression constructs for mnk and grps were generated by PCR amplification of the coding region of each gene flanked by gateway recombination sites (oligonucleotide sequences available on request). Amplification oligonucleotides introduced a translation start sequence immediately 5Ј of the start codon and included the stop codon for each gene. Gateway recombination reactions transferred these sequences into pGUSgw, a gateway-modified pGUS plasmid (M. H. Brodsky, unpublished data). A predicted kinase-dead form of MNK was generated by using PCR to introduce an Asp (GAC) to Ala (GCC) mutation at amino acid position 303 in the mnk coding region. The mnk coding sequence with this mutation was introduced into pGUSgw.
Detection of p53 and MNK/Chk2. p53 antibodies were generated using Cterminal and N-terminal fragments of p53 (11) . Two mouse monoclonal lines raised against the C-terminal fragment of p53, C7A10 and B9A10, were capable of recognizing p53 overexpressed in Drosophila S2 tissue culture cells by immunofluorescence, immunoblotting, and immunoprecipitation. Guinea pig polyclonal antibodies were raised against glutathione S-transferase fusions to Nterminal and C-terminal fragments of p53. These antibodies were affinity purified using maltose binding protein fusions to the same fragment. These antibodies also detect overexpressed p53 in Drosophila tissue culture cells.
To detect damage-induced modification of p53, protein lysates were isolated from staged (3-to 15-h) embryos treated with irradiation or mock treated and incubated for 30 min at room temperature. Embryos were dechorionated and frozen in liquid nitrogen. Frozen embryos were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 8.0], 300 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% sodium dodecyl sulfate [SDS]) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, and 0.5 g each of aprotinin, pepstatin, leupeptin, chymotrypsin, and antipain/l) and phosphatase inhibitors (10 mM sodium fluoride, 0.4 mM sodium meta-and ortho-vanadate [each], 0.1 mM ␤-glycerophosphate, 10 mM sodium pyrophosphate, 1 g of phosvitin/ml, 0.5 M microcystin-LR, and 0.5 M okadaic acid) using a Wheaton glass homogenizer (A pestle). Homogenized lysates were centrifuged at 35,000 rpm in a Beckman Ti70 rotor at 4°C for 30 min. Total protein was determined by Bradford assay, and 50 mg was used in each immune precipitation (IP). IPs were performed for 20 h at 4°C, with 20 g of an equal mixture of two p53 monoclonal antibodies covalently coupled to protein A/G-agarose (Oncogene Research Products). Precipitates were washed five times in RIPA buffer, resuspended in 50 l of 2ϫ Laemmli sample buffer, and heated to 100°C for 5 min. For phosphatase treatment, samples were resuspended to 50 l in RIPA buffer, 2 mM MnCl 2 , and 400 U of Lambda phosphatase (New England Biolabs) and incubated for 30 min at room temperature. Samples were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with 9% gels, transferred to nitrocellulose, and detected with a 1:5,000 dilution of affinity-purified, p53 N-terminal-specific polyclonal guinea pig antiserum.
To detect MNK, clarified lysates from the p53 IPs were mixed with Laemmli sample buffer and heated to 100°C for 5 min. Protein samples (approximately 10 to 20 g of total protein/sample) were separated by SDS-9% PAGE and probed with a 1:1,000 dilution of affinity-purified rabbit polyclonal anti-MNK antiserum (47) .
Irradiation-induced phenotypes. Irradiation-induced apoptosis and cell cycle arrest were performed as previously described (11, 12) .
Gene expression analysis was performed using embryos collected 3 to 5 h after egg laying. Each embryo collection plate was cut in half; one half was X-irradiated for 15 min with 4,000 rads, and the other half was used as the untreated control. Embryos were incubated at room temperature and frozen in liquid nitrogen. Embryos treated at the 15-min time point were irradiated for 12 min with 3,200 rads. Time points indicate the time following the initiation of irradiation. Each experimental condition was performed in triplicate. Fifty to 100 l of packed embryos was isolated for each sample. Total RNA was isolated by using RNAwiz (Ambion). Five micrograms of total RNA was used to generate biotinlabeled cRNA following a standard protocol provided by Affymetrix. Washes and scanning were performed according to the Affymetrix protocol. Image analysis was performed using Microarray Suite version 4. Expression values were determined using PM/MM models in dCHIP (39) . Analysis of variance by least squares using the SAS proc glm program (SAS Institute, Cary, N.C.) was performed with the 30-, 60-, and 120-min time points from each genotype. P values for treatment effects and treatment by genotype effects were determined, and genes were selected with a false discovery rate of less than or equal to 5%. Only genes that increased or decreased at least 1.7-fold are included below in Table 2 .
Real-time PCR was performed using the same total RNA samples used for microarray analysis. mRNA was isolated from 50 g of total RNA using Oligotex purification resin (Qiagen). Predesigned Taqman oligonucleotides and probes for most genes were purchased from Applied Biosystems (ABI). Oligonucleotides and probes for ku80 and mre11 were designed using Primer Express software (sequences available on request). mRNA was isolated from 380 ng of total RNA using Oligotex beads (Qiagen). Real-time PCR was performed on an ABI 5700 apparatus using reverse transcription and PCR reagents from ABI. Relative levels in untreated and treated samples were determined using a standard curve for each probe. Glyceraldehyde-3-phosphate dehydrogenase probes were used to normalize for differences in total mRNA levels in each experiment.
mei-41 and ATM cDNAs. A putative full-length clone for mei-41 was isolated from the LD embryonic cDNA library prepared by Ling Hong (Berkeley Drosophila Genome Project [www.fruitfly.org]). This clone is approximately 300 bp longer than the previously described cDNA sequence for mei- 41 and contains an open reading frame with 100 additional amino acids. A putative full-length clone for ATM was isolated from the LP adult head cDNA library prepared by Ling Hong. This clone contains a 5-bp deletion when compared to a shorter head cDNA clone (GenBank accession number AY395749) or to the genome sequence (www.fruitfly.org). Addition of the missing 5 bp created a large open reading frame that extended across the entire cDNA and showed sequence similarity to ATM throughout the predicted amino acid sequence.
Nucleotide sequence accession numbers. The full-length cDNA sequences obtained for mei-41 and CG6535/ATM have been deposited in GenBank with the accession numbers AY282465 and AY395748, respectively.
RESULTS
Regulation of DNA damage-induced apoptosis by p53 and mnk. To identify genes required for IR-induced apoptosis in Drosophila, we examined several homologs of yeast and mammalian damage response genes (Table 1) . BLAST searches and ClustalW alignments with these sequences confirmed earlier conclusions (57) that MEI-41 is most similar to mammalian ATR and CG6535 is most similar to ATM (S. Oikemus and M. H. Brodsky, unpublished data). Based on these observations, we refer to CG6535 as Drosophila ATM. No clear homolog of the related kinase DNA-PKcs was present in the Drosophila genome. Homologs of Chk1 (GRPS), Chk2 (MNK), and p53 have been previously described (11, 21, 47, 48) . MUS304 is a DNA damage response gene with nearly identical mutant phenotypes to MEI-41 (12) . ATR-IP appears to be the mammalian homolog of MUS304 and the yeast checkpoint proteins Rad 26 and Ddc2 (16) . In support of this conclusion, we found that MUS304 interacted with MEI-41 in a yeast two-hybrid assay (M. H. Brodsky, G. Tsang, and G. M. Rubin, unpublished data).
Previous genetic analysis demonstrated that mei-41, mus304, and grps are required for DNA damage and DNA replication checkpoints (12, 27, 59, 60) . We examined X-ray-induced apoptosis in developing wings (wing disks) from larvae mutant for each of these genes ( Fig. 1) . Very low levels of apoptosis were observed in the absence of irradiation (Fig. 1A) . Following irradiation, extensive induction apoptosis was induced in wildtype wing disks (Fig. 1B) . Damage-induced apoptosis was still observed in mei-41, mus304, and grps disks ( Fig. 1C to H) . Thus, each of these genes is essential for IR-induced cell cycle arrest, but not for apoptosis.
To test if other damage response homologs are required for IR-induced apoptosis, we examined loss-of-function mutations in the remaining genes shown in Table 1 . Initial characterization of ATM mutant animals indicated that this gene is required for viability (S. Oikemus, unpublished results), preventing a straightforward analysis of its role in IR-induced apoptosis. Mutations in mnk and p53 (52) were created by transposon-mediated mutagenesis and homologous recombination, respectively. p53 protein was detectable in wild-type and mnk mutant embryos, but not in p53 mutant embryos (Fig.  2B, upper panel) . These antibodies recognize a C-terminal portion of p53, indicating that translation of p53 does not reinitiate following the stop codon. Anti-MNK antibodies detected a protein in wild-type and p53 mutant embryos, but not in mnk mutants (Fig. 2B, lower panel) . These results indicate that we have isolated null mutations in mnk and p53.
We examined IR-induced apoptosis in p53 and mnk mutant larvae. In the absence of DNA damage, both mutants exhibited the low level of spontaneous apoptosis seen in wild-type animals ( Fig. 1I and K) . However, no increase in apoptosis was observed following irradiation of either mnk (Fig. 1J) or p53 (Fig. 1L ) mutant larvae. IR-induced apoptosis could be rescued in mnk mutant disks by a transgene containing mnk (see Materials and Methods) ( Fig. 1M and N) . Similarly, IR-induced apoptosis could be restored in the third-instar eye imaginal disk of p53 mutant animals by a transgene expressing the p53 cDNA under the control of a Glass-dependent promoter (11) . In these animals, IR-induced apoptosis occurred only in the posterior region of the disk, where the Glass-responsive promoter directed expression of the p53 transgene ( Fig. 1O and P).
We also examined the ability of the mnk and p53 mutants to undergo IR-induced cell cycle arrest. Following irradiation, wild-type imaginal disks exhibited a G 2 arrest (Fig. 3A and B ) that could be assayed with a phospho-specific antibody against histone H3, specific for mitotic cells (12, 28) . IR-induced cell cycle arrest was normal in p53 mutant larvae (Fig. 3C) , while mnk mutant larvae showed a very mild defect in IR-induced cell cycle arrest (Fig. 3D) . In contrast, grps mutant larvae demonstrated a reduction in IR-induced arrest (Fig. 3E ) (12) . Larvae with mutations in both mnk and grps were completely defective in IR-induced cell cycle arrest (Fig. 3F ). Our results demonstrate that while mnk and p53 function are absolutely required for IR-induced apoptosis, these genes do not play a major role in cell cycle arrest. p53-deficient mice generally develop normally and die from early-onset cancers. Mice deficient for the p53 homologs p63 and p73 exhibit developmental defects resulting in embryonic or neonatal lethality (42, 77, 78) . Drosophila p53 and mnk mutant flies are viable, fertile, and show no striking defects in external morphology (data not shown). mnk/Chk2 is required for IR-induced modification of p53. To examine whether DNA damage induced changes in Drosophila p53 modification or abundance, we used IP and Western blotting to analyze p53 from untreated and X-irradiated embryos (Fig. 4A) . p53-dependent changes in gene expression could be seen within 15 to 30 min of IR (see below). Thirty minutes following IR, p53 exhibited reduced mobility, indicating that p53 underwent a posttranslational modification (Fig.  4A, lanes 1 and 2) . Total levels of p53 protein were not substantially altered following IR. Similar results were seen at 15 and 60 min (data not shown). Following phosphatase treatment, there was no difference in the mobility of p53 from untreated or irradiated embryos (Fig. 4A, lanes 3 and 4) , indicating that the IR-induced shift was due to phosphorylation. In mnk mutant embryos, p53 mobility was not altered following irradiation (Fig. 4A, lanes 5 and 6) . The absence of an IRinduced shift in p53 mobility indicated that mnk is specifically required for IR-induced phosphorylation of p53.
Treatment of unirradiated samples with phosphatase increased the gel mobility of p53 (Fig. 4A, lanes 1 and 3) , indicating that p53 is constitutively phosphorylated in the absence 5) . We also examined the gel mobility of MNK following IR. In unirradiated embryos, MNK migrated as a single band on SDS-PAGE (Fig. 4B, lane 1) . Following IR, a second band with slower mobility was observed (Fig. 4B, lane 2) . Phosphatase treatment of embryo lysates did not affect the mobility of MNK in untreated embryos (Fig. 4B, lane 3) , but it eliminated the appearance of a second band in IR-treated embryos (Fig.  4B, lane 4) . These results were consistent with IR-induced phosphorylation of MNK. The IR-induced shift in MNK mobility was present in both wild-type and p53 mutant embryos (lanes 5 and 6), suggesting that p53 acts downstream of mnk.
Although MNK was required for p53 phosphorylation, initial attempts to detect a stable association between MNK and p53 by coimmunoprecipitation from untreated embryos or interaction in a yeast two-hybrid assay were unsuccessful (B. T. Weinert and G. Tsang, unpublished results). For an in vivo assay, we examined genetic interactions between mnk and p53 transgenes expressed during fly eye development. Overexpression of Drosophila p53 during eye development produced a reduced, rough eye phenotype (11, 48) (Fig. 4C and D) . We have tested the effect of coexpressing wild-type grps, mnk, and a kinase-dead form of mnk, mnk(kd). Each of these transgenes had little or no effect on eye development on their own (data not shown). Coexpression of grps did not alter the p53-dependent rough eye phenotype (Fig. 4E) . Coexpression of mnk(kd) suppressed the p53-dependent rough eye phenotype (Fig. 4F) . When raised at 25°C, animals coexpressing p53 and wild-type mnk died during pupation (data not shown), probably reflect- ing enhanced activity of p53 in tissues other than the eye. When raised at 18°C, animals expressing p53 alone or p53 and mnk could be recovered. Under these conditions, coexpression of mnk enhanced the p53-dependent rough eye phenotype ( Fig. 4G and H) . Similar genetic interactions have been reported previously (50) . These results are consistent with a direct interaction between MNK and p53. Genome-wide analysis of IR-induced transcription by p53 and MNK/Chk2. Previously, we and others provided evidence that the proapoptotic genes reaper and sickle are targets of p53 following IR (11, 61) . To determine which Drosophila mRNAs are induced by IR, we used Affymetrix oligonucleotide microarrays to probe expression of greater than 13,000 genes in both untreated and irradiated embryos ( Table 2) . We examined 3-to 5-h embryos, a stage when high levels of apoptosis can be induced by DNA damage but little developmentally regulated apoptosis is observed (3, 46) . RNA was prepared from wild-type, p53 mutant, or mnk mutant embryos at five time points following irradiation. To limit gene expression variation due to minor age differences among different embryo collections, each collection was split and one half was irradiated while the other half was the unirradiated control. As a second assay for transcript levels, the relative expression level of a subset of genes was assayed at the 1-or 4-h time points using real-time quantitative PCR (Q-PCR) ( Table 2 ). In each example tested, mRNA changes observed by microarray analysis were confirmed by Q-PCR.
Of over 13,000 genes represented on these arrays, we identified 17 induced and 18 repressed genes with at least a 1.7-fold change in expression levels ( Table 2 ). The upregulation of all 17 induced genes was partially or entirely dependent on both p53 and mnk. The rapid (15-to 30-min) induction of many of these targets suggested that they may be direct targets of p53. In contrast, the decreased expression of only 1 of 18 repressed genes required p53, while all 18 required mnk for downregulation. These results suggest that mnk and p53 act in a linear pathway to activate gene expression following IR, but that a p53-independent mechanism can lead to decreased gene expression.
The annotations of the induced genes indicated that Drosophila p53 regulates both intrinsic and extrinsic apoptosis pathways following irradiation ( Table 2) . Three of the five most highly induced genes, rpr, skl, and hid, are part of a group of genetically linked, proapoptotic genes at cytological position 75C (14, 26, 62, 72, 73) . Like the mammalian proapoptotic genes SMAC/Diablo and HTRA2/Omi, each of these genes can induce apoptosis by blocking the caspase-inhibiting activity of IAP proteins (25, 40, 70) . Overexpression of one of these genes is sufficient to induce apoptosis, while deletions that remove these genes reduce or eliminate developmentally programmed and stress-induced apoptosis (51, 71) . Previous experiments have demonstrated that the Drosophila Apaf1 homolog Ark is induced following UV irradiation (79, 80) . Following IR, Ark and other known components of the core apoptosis pathway in Drosophila did not show altered expression. In mammals, members of the TNF and TNF receptor families act in the cell-cell signaling, or extrinsic, apoptosis pathway. Drosophila has one member each in the TNF ligand and TNF receptor families (31, 35, 43) . The Drosophila TNF ligand homolog Eiger is induced following DNA damage (Table 2), while the TNF receptor homolog is not (data not shown). Eiger, rpr, skl, and hid RNAs were all induced within 30 min of IR treatment.
One hour following IR, several DNA repair genes are induced. Two genes, Mre11 and Rad50, encode proteins that are part of a heterotrimeric complex that also includes NBS1 (17) . This repair complex has been implicated in multiple aspects of DNA repair, including homologous recombination, nonhomologous end joining, and delay of cell cycle progression. Two other induced genes, Ku70 and Ku80, have more specific functions in DNA break repair as part of the nonhomologous end-joining pathway. The coordinate upregulation of two components of each repair complex indicated that these changes are functionally important. Other targets of mammalian p53 include cell cycle regulators, including the cyclin-dependent kinase inhibitor p21, which mediates p53-dependent G 1 -S arrest following DNA damage. In contrast, dacapo, the only member of the p21/p27 family in Drosophila, is repressed following IR (Table 2) . RNA levels of other Drosophila cell cycle regulators are not altered following IR (data not shown). These results are consistent with our observation that Drosophila p53 is not required for IR-induced cell cycle arrest.
Besides proapoptotic genes and DNA repair genes, the remaining IR-induced targets do not resemble genes previously associated with mammalian p53 function. Two targets (CG17836 and CG5202) have motifs associated with known transcriptional regulators. Other targets include a putative transmembrane protein (CG15658) and a member of the cytochrome P450 family.
Among the IR-repressed genes identified in our experiments, many are known or likely regulators of embryonic patterning or cell fate determination. It is possible that the decreased expression of these genes was a secondary effect of an mnk-dependent checkpoint. 3, and 5 ) or irradiated (lanes 2, 4, and 6) 2-to 16-h-old embryos. Lysates were run on an SDS-PAGE gel, and MNK was detected with rabbit anti-MNK polyclonal antibody (47) . An anti-MNK signal with reduced mobility was detected in wild-type (lanes 1 and 2) and p53 mutant (lanes 5 and 6) embryos. Phosphatase treatment (lanes 3 and 4) eliminated the signal, with reduced mobility from irradiated embryos (lane 4 versus lane 2). (C to H) Adult eyes from transgenic female animals were dehydrated and viewed by scanning electron microscopy. All animals carried a transgene expressing the Gal4 transcription factor under the control of the eye-specific promoter GMR. Expression of Gal4 alone did not affect eye development and is shown here as the wild-type control. Animals were raised at either 25°C (C to F) or 18°C (G and H). (C) GMR-Gal4/ϩ; wild-type eye morphology. (D) GMR-Gal4 GUS-p53/ϩ; p53-dependent rough eye phenotype at 25°C. (E) GMR-Gal4 GUS-p53/GUS-GRPS; the p53-dependent rough eye phenotype was unaffected by GUS-GRPS. (F) GMR-Gal4 GUS-p53/GUS-MNK(kd); the p53-dependent rough eye phenotype was suppressed by the kinase-dead form of MNK. (G) GMR-Gal4 GUS-p53/ϩ; p53-dependent rough eye phenotype at 18°C. (H) GMR-Gal4 GUS-p53/GUS-MNK; the p53-dependent rough eye phenotype was enhanced by wild-type MNK. (31, 43) . To examine the role of Eiger in IR-induced apoptosis, we generated gain-and loss-of-function alleles of Eiger (Fig. 5A) . We confirmed that overexpression of Eiger in the developing wing was sufficient to induce apoptosis ( Fig. 5B and C) . Transposon-mediated mutagenesis was used to make deletions in the Eiger locus (Fig. 5A) . Both deletions removed the predicted start codon. As previously reported (31), animals with these deletions were viable and fertile (data not shown). Eiger mutant animals had normal levels of IRinduced apoptosis at 4 and 8 h following irradiation with 4,000-rad X rays ( Fig. 5D and E and data not shown). At lower X-ray doses, induction of apoptosis in wild-type animals was more variable. The levels observed in Eiger mutants overlapped with those in wild-type animals (data not shown). These results indicate that while Eiger overexpression is sufficient to induce apoptosis, it is not required for IR-induced apoptosis. Previous studies have demonstrated that deletions that span the region containing the hid, grm, rpr, and skl genes reduce or eliminate apoptosis in Drosophila (51, 71) . In embryos homozygous for Df(3L)H99, developmentally regulated and DNA damage-induced apoptosis was absent. However, the proapoptotic gene skl is not included in this deficiency but is highly induced following DNA damage. Thus, IR-induced expression of skl is not sufficient to induce apoptosis in the absence of the other proapoptotic genes in this region (14, 61) . One possible explanation for this result is that following DNA damage, induction of multiple proapoptotic genes, hid, rpr, and skl, is required to produce a proapoptotic signal that exceeds a threshold level required to irreversibly commit cells to the apoptotic program. In this model, reducing the expression of all three genes by 50% might prevent the proapoptotic signal from reaching the threshold. To test this possibility, we examined IR-induced apoptosis in animals heterozygous for chromosome deficiencies that remove all of the damage-induced transcripts in the 75C region. In Df(3L)Cat/ϩ or Df(3L) WR10/ϩ animals, induction of apoptosis 4 h following IR was greatly reduced (Fig. 5F and data not shown) . In contrast, animals heterozygous for other deficiencies that do not remove these genes showed normal induction of apoptosis (data not shown). Although the deficiencies showing reduced apoptosis also removed one copy of additional genes, rpr, skl, and hid are the only IR-induced genes within the affected regions. These results demonstrate a dose-sensitive requirement for genes in the 75C region for IR-induced apoptosis and are consistent with a threshold model for IR-induced apoptosis.
Genetic analysis of Eiger and
To further delineate which genes contribute to haploinsufficiency, we examined IR-induced apoptosis in animals heterozygous for deficiencies or point mutations removing a subset of genes in this region (Fig. 5G to K) . Surprisingly, animals heterozygous for a deficiency that removes rpr and skl still exhibited a robust induction of apoptosis (Fig. 5G) . In contrast, animals heterozygous for deficiencies or point mutations that remove hid all showed a significant decrease in IR-induced apoptosis.
DISCUSSION
Roles of MNK/Chk2 and p53 in damage response pathways.
Previous studies have established that Drosophila p53 mediates X-irradiation-induced apoptosis and expression of rpr and skl (11, 48, 61) . Here, we characterized the pathway that transduces the DNA damage signal to the apoptosis and cell cycle machineries. Our results indicated that a number of genes in this pathway are largely specific to the cell cycle or apoptotic response. Both cellular assays and transcriptional profiling suggest that Drosophila p53 is required for IR-induced regulation of apoptosis but is not required for G 2 arrest. In contrast, mei-41, mus304, and grps were required for cell cycle arrest, but not induction of apoptosis. Our biochemical experiments suggested that mnk, which encodes a conserved damage-activated kinase, is required for phosphorylation of p53 following IR. All IR-induced transcription required both mnk and p53. The absence of genes that only required mnk or p53 was consistent with a linear signaling pathway of MNK activating p53, which acts as a global regulator of IR-induced transcription (Fig. 6) .
Although mnk and p53 mutant animals have similar defects in IR-induced transcription, mnk also acts in p53-independent pathways. In animals with mutations in double-strand break repair enzymes, unrepaired breaks formed during meiotic recombination activate an mnk-dependent checkpoint signal that disrupts oocyte patterning and nuclear morphology (1, 24) . Induction of the meiotic checkpoint differs from IR-induced transcription in at least two respects. First, activation of mnk during meiosis requires mei-41, the Drosophila homolog of ATR. Second, p53 is not required for this damage response pathway. In a different damage response pathway, mnk, but not p53, is required for damage-induced inactivation of centrosomes (64) . In this study, we found that IR induced a p53-independent decrease in RNA levels of at least 17 genes, including many developmental regulators. Although this observation could indicate a transcriptional repressor that is regulated by mnk, we favor a model in which an mnk-dependent cell cycle delay following IR has a secondary effect on the developmental induction of these genes. Together, our results and previous studies indicate that mnk regulates multiple signaling pathways in addition to p53-dependent induction of gene expression.
In mammals, Chk2 and other checkpoint kinases block Mdm2-mediated turnover and inhibition of p53. Several lines of evidence suggest that this regulatory mechanism is not conserved in Drosophila. First, simple sequence searches have not revealed an obvious Mdm2 homolog in the Drosophila genome. Second, the Drosophila p53 protein sequence does not contain a conserved binding site for Mdm2. Finally, we found that p53 protein levels were not dramatically altered following IR. p53 did exhibit an IR-induced change in gel mobility due to mnk-dependent phosphorylation. Thus, our results provide a clear example of damage-induced activation of p53 without changes in p53 protein levels.
Phosphorylation of p53 by Chk2 may represent an important step in the evolution of DNA damage responses in multicellular animals. Checkpoint pathways regulating cell cycle control and DNA repair have been highly conserved in eukaryotes, including unicellular organisms such as yeast. In contrast, induction of apoptosis during development or in response to cellular stress is confined to multicellular organisms. We found that p53 phosphorylation by Chk2/MNK is a conserved molecular link between DNA damage detection and the core apoptotic machinery in metazoans. Mdm2 adds an additional layer DNA damage-induced targets of p53. We have used microarray analysis to perform a comprehensive analysis of p53 targets following exposure to IR. The number of genes identified in these experiments was substantially smaller than the number of p53 targets identified in mammals. In part, this observation may reflect underlying differences in the damage response pathway in flies and mammals. For example, induction of p21 by mammalian p53 mediates G 1 arrest following damage. To the best of our knowledge, IR-induced G 1 arrest has not been described in Drosophila, consistent with our observation that the Drosophila p21/p27 homolog dacapo is not induced by IR. However, the smaller number of targets identified in Drosophila also reflects experimental differences. We have examined expression changes induced by IR and during a defined window of embryonic development. In contrast, targets of mammalian p53 have been identified in many different cell types following different types of DNA damage or simply overexpression of p53. It is likely that additional targets of Drosophila p53 will be identified using other types of cellular stresses in different cell types or developmental stages. For example, UV irradiation of Drosophila embryos has been shown to induce Apaf1 through either E2F or mei-41, depending on the developmental stage (80) .
The most prominent group of p53 targets identified in our study regulates two apoptotic pathways that are also targeted by mammalian p53. hid, rpr, and skl are part of a group of genes that induce apoptosis by blocking the caspase-inhibiting activity of IAP proteins (25, 40, 70) . Recent experiments have confirmed that HTRA2, a functional homolog of these genes, is a target of mammalian p53 (34) . The Drosophila p53 target Eiger is a member of the TNF ligand family and can induce apoptosis when overexpressed (31, 43) . In mammals, FAS and DR5/Killer are p53 targets that can regulate apoptosis by acting as receptors for TNF ligand family members (19, 68) . Thus, we have identified two examples of mammalian and Drosophila p53 regulating common signaling pathways. Combined with the many other proapoptotic targets of mammalian p53, these results support the general hypothesis that multiple components of proapoptotic signaling pathways can be targets for transcriptional regulation following stresses such as DNA damage.
Although FAS and DR5/Killer are targets of mammalian p53 and act in the extrinsic apoptosis pathway, it is unclear what role they play in DNA damage-induced apoptosis (49, 58, 74) . Our analysis of deletion mutations in the Drosophila p53 target Eiger indicated that this gene is not required to initiate IR-induced apoptosis. This negative result was not due to redundancy with a related molecule, since Eiger is the only TNF-related gene in the Drosophila genome sequence. It is possible that the conserved activation of the TNF pathway by p53 is required for the induction of apoptosis under specific conditions not tested in our experiments. Alternatively, induction of Eiger may activate other cellular responses to DNA damage. Further characterization of Eiger function should reveal how cell-cell signaling contributes to survival or genomic stability following DNA damage in multicellular organisms.
Our analysis of the remaining proapoptotic targets of p53 indicated that they are part of a dosage-sensitive mechanism that regulates IR-induced apoptosis. In contrast to Eiger, the proapoptotic genes in the genetic region containing hid, rpr, and skl are both sufficient and necessary for apoptosis. Animals with deletions that include genes in this region are defective in IR-induced apoptosis (51, 71) . Because these proapoptotic genes act, at least in part, by inhibiting a common target (IAP1/ Thread), it has been proposed that they contribute to a rheostat-like mechanism in which the added activity of all proapoptotic proteins present must pass a threshold before a cell undergoes the irreversible decision to undergo programmed cell death. Following our observation that three of these genes are induced following DNA damage, we tested the effect of lowering the dose of all proapoptotic genes in this region by half. We found that deletions in this region were haploinsufficient for IR-induced apoptosis. Dose sensitivity may represent an important feature of damage-induced apoptosis. Animals heterozygous for these deletions exhibit apparently normal morphology and fertility, suggesting that they are not haploinsufficient for developmentally regulated apoptosis. One possible interpretation of these results is that the apoptotic signal in many developmental contexts is well past the threshold required to commit to apoptosis, while the apoptotic signal following DNA damage is closer to that threshold. A lower apoptotic signal following DNA damage may allow cells to monitor DNA repair and block apoptosis if repair is successful. Haploinsufficiency of some tumor suppressor genes, including p53, has been proposed to contribute to cancer development (15, 66) . If stress-induced apoptosis in mammals is sensitive to the dose of p53 target genes, haploinsufficiency of these genes may also contribute to suppression of apoptosis, particularly in cells with extensive aneuploidy.
Analysis of animals heterozygous for deletions that removed a subset of genes revealed that loss of one copy of hid was sufficient to reduce IR-induced apoptosis. A greater reduction was observed in larger deletions, indicating that additional genes in this region, likely rpr and skl, also contribute to IRinduced apoptosis. Previous analysis of animals heterozygous (51) . Our results indicate that part of that reduction is due to haploinsufficiency of hid and other genes in this region. Although the induction of hid RNA was lower than that observed for rpr and skl, hid may exhibit a greater absolute difference in RNA and protein levels following IR. Because null mutations in hid are embryonic lethal, we have not examined the effects of completely removing hid function. The dose-sensitive effects of hid suggest that total loss of hid would completely block IR-induced apoptosis. However, even in animals with normal levels of hid, increased levels of rpr and skl may be required to pass the proapoptotic signaling threshold required for a full DNA damage response. The Ras pathway (6, 7, 37, 54) and a micro-RNA in the bantam locus (10) regulate hid expression. These and other pathways regulating hid may help determine which cells in the developing wing are most sensitive to DNA damage. The other class of p53 targets identified in our experiments includes components of the Ku and Mre11 DNA repair complexes. Both of these complexes participate in repair of doublestrand DNA breaks by nonhomologous end joining (NHEJ) (33) . Compared with homologous recombination, NHEJ is a potentially error-prone mechanism for DNA repair. Mutagenic DNA repair mechanisms are a prominent feature of the SOS response in bacteria that apparently promotes cell survival following DNA damage at the expense of genomic integrity (63) . The ability of multicellular animals to eliminate damaged cells by apoptosis might suggest that low-fidelity mechanisms of DNA repair would not be favored following damage. However, the induction of NHEJ components by p53 suggests that mechanisms such as apoptosis or cell cycle arrest that are presumed to prevent mutations following DNA damage may compete with mechanisms that promote cell survival and prevent aneuploidy by error-prone DNA repair. The previous demonstration that an isoform of Ku86 is also a target of mammalian p53 (9, 44) suggests that this is an evolutionarily conserved response to DNA damage in metazoans that may modulate mutagenesis following DNA damage.
